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I. INTRODUCTION

This report is the Third Semi-Annual Progress Report
to the National Aeronautics and Space Administration by
Princeton University on NASA Grant NsG-641, Pre-Ignition
and Ignition Processes of Metals, covering the period 1
May to 31 October 1965.

The report is divided into four main divisions which
cover respectively the physical model of metal ignition and
its application to the practical problems of metal pyro­
phoricity and efficient metal ignition, results of a litera­
ture survey, analytical developments, and experimental re­
sults. A general self-consistent model which shows
regimes of oxidation, ignition, and combustion is presented
in the second section. In the experimental portion of the
report, results on the ignition and combustion of tantalum,
aluminum, magnesium, and molybdenum are discussed. The final
section of the report is devoted to a discussion of future
research efforts.
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II. THE PHYSICAL MODEL OF METAL IGNITION

Because of the possibility of the formation of solid­
phase products of metal-oxidizer pre-ignition reactions on
the reacting surface, metal ignition can be much more com­
plicated than the ignition of other fuel s such as hydro­
carbons. At low temperatures this product film is generally
protective in the sense that it inhibits the reaction in
time, and thus ignition (immediate temperature runaway on
the reacting surface ending in steady-state, self-sustained
combustion) is impossible to achieve.

1. General Ignition Considerations

Before discussing a general metal-oxidizer system, a
treatment of the simpler system in which no solid-phase pro­
duct forms on the reacting surface will be given. Consider
for example a spherical particle whose central point temper­
ature is 29SoK. The particle is placed in an oxidizing gas
whose temperature at infinity is 29So K. Isothermal reaction
is then allowed to procede on the surface at temperature T ,
but, for the sake of simplicity, any gas-phase products ar~
continuously removed as they appear at temperature T and
are not allowed to participate in any heat transfer Sto the
environment.

In general, two equations may be written for a system
enclosing only the reacting surface at a given instant of
time: the first is the chemical heat release rate, and
the second is the rate of heat loss from the surface to
the environment (which includes the volume interior to the
surface), where both equations are functions of the sur­
face temperature.

The chemical energy release rate may be written as

(II-I)

(II-2 )
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where

(11-3 )

and where

qchem =

m =

Qchem =

K =

E =

R =

T =s

nk =

chemical energy release rate, cal/cm2sec;

molar reaction rate, mole fuel/cm2sec;

chemical energy release, cal/mole fuel;

2
pre-exponential factor, mole fuel/cm sec;

activation energy, cal/mole;

univeral gas constant, cal/mole oK;

osurface temperature, K;

number of moles of species K per mole of fuel,
mole K/mole fuel;

oenthalpy of species K at T K, cal/mole K.

standard heat of formation of species K at
2980 K,cal/mole K;

=

=

21«
AHf:K

)

H-r K,
A graph of the form of q he versus T is shown in

Fig. la; the discontinuous ri~e Tn q cQematSconstant T
which is shown would OCCU59gt the melt~ng or boiling p8int
of a reactant (i. e., A H of the reactant in Eqns. (11-2)
and (11-3) would rise di~continuously). By similar reasoning,
in the case of metal combustion for which the flame tempera­
ture is limited to the boiling point of the oxide, a dis­
continuous drop in q b would be found at the boiling point
of the oxide; this pg~fi~ will not be considered further
here. The gradual change to negative slope is due to dis­
sociation of the products which is reflected in largervalues
of A H. T .

J, s
The second equation to be considered is the rate of heat

loss at some instant of time from the thin volume surrounding



the surface:

(11-4)

where

K

2= rate of heat loss, cal/cm sec;

= thermal conductiv~ty of fuel dsubscript f) or
oxidizer gas (g), cal/cm sec K;

"dTI =
~ r:(o

E =

(J- =

temperature gradient evaluated at the surface (r=r ),o
either into the fuel (r-)or into the oxidizer (r+),
0K/cm; 0 0

surface emissivity, dimensionless;

Stephan-Boltzmann constant, cal/cm2sec (oK)4;

T
r

= effective radiation temp=rature of the evironment,
oK;

The general form of Eqn. (11-4) is shown in Fig. lb.

Combining Figs. la and lb (Fig lc), there will be in
general three intersections which define equilibrium conditions
for the surface. That which occurs at the lowest temperature
is a stable equilibrium (with respect to small perturbations
in surface temperature)since

(11-5 )
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The temperature at which this intersection occurs is re­
ferred to as the oxidation temperature (Toxid)~ the inter­
section has physical significancein that it represents or­
dinary low-temperature oxidation. Since the slopes of the
qchem and qloss may be nearly tangent at Toxid' this single
temperature may be more realistically represented by a temper­
ature range.

The center intersection of the qchem and qloss curves
is said to occur at the critical temperature (Tcrit). Note
that this equilibrium is unstable, since

(11-6 )

Furthermore, note that Tcrit is the classical ignition temper­
ature~ it is the spontaneous ignition temperature, that is,
it is the lowest initial temperature from which the surface
may self-heat to a combustion configuration. However, to
avoid confusion with the~erimental ignition temperature
which will be defined later, this temperature will always
be referred to as the critical temperature.

The final intersection occurs at the flame temperature
(Tf) and represents a stable equilibrium. Physically, of
course, this intersection is the steady-state,' self-sustained
combustion configuration. Note that, if the radiation term
in Eqn. (11-4) is neglected, the intersection occurs at the
adiabatic flame temperature. Since in this case the con­
ductive losses in Eqn. (11-4) are equal to the product of
the reaction rate and the sensible enthalpy of the reactants,
the equations become
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,."
(11-9 )

which is of course the defining equation for the adiabatic
flame temperature.

In defining an ignition temperature it is convenient
to choose a definition which is directly related to that
of the experimental ignition temperature, usually taken
to be the point of most rapid rate of change with time of
sample temperature or of light intensity emitted by the
sample. Since

mass of fuel sample, g;

fuel specific heat, cal/gOK;

where

WI =

c f =

S =

-t =

sample surface

time, sec,

2area, cm ;

an appropriate definition of ignition in terms of the qchem
and qloss curves is that temperature at which the magnitude
of (qchem-qloss) is greatest.

Physically, the ignition temperature (Tign) is the temper­
ature at which immediate inflamm ation occurs, whereas the
critical temperature is the spontaneous ignition temperature;
thus an important distinction between these temperatures is
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the possibility of an ignition delay time.

It is obviously the ignition rather than critical temper­
ature which is of interest in rocket propulsion applications
since a long self-heating period upon, attainment of the
critical temperature before ignition could be extremely de­
trimental to ignition efficiency.

The critical and ignition temperamresare demonstrated
graphically in Fig. 2a. Only the central portion of the qchem
and ql s curves are reproduced in Fig. 2. Note that as the
slope gi the q hem curve becomes steep in the neighborhood of
Tcrit, Tign ana Tcrit merge and may become'indistinguishable.

2. Metal Ignition

It has already been noted that it is the presence of
solid-phase products, which form on the reacting surface
during the pre-ignition reactions, that complicates metal
ignition. In general, the presence of this product film
leads to, at low temperatures, a so-called protective oxida­
tion rate (i.e., logarithmic, parabolic, or cubic rate law;
see, for example, Kubaschewski, 0., and Hopkins, B. E.,
Oxidation of Metals and Alloys, Second Edition, Butterworths,
Lon don, 1962>. Protective used in this sense refers to the
case in which the rate of chemical reaction decreases with
time due to the inhibiting effect of the oxide film. At
higher temperatures the rate is generally linear, i.e., non­
protective. The transition temperature (Ttrans> is defined
as the lowest temperature at which the transition from a
protective to non-protective oxidation rate occurs at the
startlof the oxidation experiment and is estimated from the
empirical oxidation literature for the appropriate metal­
oxidizer system.

Note that the linear oxidation rate may be attributed
to physical mechanisms 'other than a porous, non-protective
reaction product. For example, if there is a protective,
non-porous barrier layer between an outer porous layer and
the metal substrate, and if this barrier layer maintains a
constant thickness with respect to time, then a linear oxi­
dation rate will be observed for this system. Thus some caution
must be exercised in estimating the transition temperature.

The transition from a protective rate law to the linear
rate law may be attributed to one of six different physical

IThere is generally a brief induction period at the start
of an oxidation experiment before steady-state conditions
are established.
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mechanisms:

[a] The volume of oxide formed may be less than the
volume of metal used in its formation (i.e., the Pilling and
Bedworth ratio (the volume ratio) may be less than one);

[b] The oxide may melt or sublime thus exposing fresh
metal surface;

[c] Mechanical str~ cracking may result from expan­
sion or contraction due to a phase change or crystallization
in scale or substrate;

[d] Mechanical stress cracking may result from a
chemical composition change in the film;

[e] Thermal stress cracking may result from large
differences in coefficients of thermal expansion of metal
and product film;

[f] Mechanical stress cracking may result from a
Pilling and Bedworth ratio much greater than one (the volume
of oxide formed being much larger than the volume of metal
required to form it), perhaps when some critical oxide thick­
ness is attained.

The effect of the transition temperature will be felt
in the m term of Eqn. (II-I), i.e., in the pre-exponential
factor and activation energy of Eqn. (11-2). The presence
of the protective product film will lower the reaction rate
from the value expected for a clean surface; therefore qchem
will decrease in the real case. When the transition temper­
ature is attained, the chemical heat release term will approach
its value for a clean surface.

The ignition criterion for the two possible cases,
Tt s~ T rit and Tt ns:> T it' is indicated in Fig. 2b
anaa~c ac§ording to E~e defin!Elons given above. The
dashed q hem curves indicate the rate for a clean surface.
The igniflon criterion may be summarized mathematically:

if Ttrans <: T 't' then T. ~crl 19n ~
T .crlt (II-II)

if Tt ;> Tot' then T. ~ Trans crl 19n trans (11-12)
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The equal sign will apply in Eqns. (II-II) and (11-12) only if
the magnitude of (qchem - qloss) is large at the critical
and transition temperatures, respectively (for example, if
the qchem curve were steep in the neighborhood of the appro­
priate temperature).

3. Metal prophoricity

In approaching the problem of metal pyrophoricity,
the influence of sample volume on the transition, critical,
and ignition temperatures must be examined. It is postulated
that the transition temperature will remain constant as the
volume of the sample is changed. However, the critical temper-
ature will not remain constant.· . .

Inspection of Eqns. (II-I) through (11-4) reveals only
two possible functions of sample volume, the two conduction
heat loss terms in Eqn. (11-4). Because K « K ,2 only con­
duction into the interior of the particle ~ill bW considered
here.

The dependence of this conduction loss term on sample
volume may be evaluated by consideration of a simpler, but
related problem. Consider a sphere of radius r o initially
at temperature T=O except at r=ro where the temperature is
Ts ' which is constant in time. The solution of the non-steady
Fourier heat conduction equation for this system is 3

(11-13)

where all symbols have their previous meanings and where

n =

0< =

summation variable taking all integral values between
1 and oa , dimensionless;

fuel thermal diffusivity, cm2/sec.

2McAdams, W.H., Heat Transmission, Third Edition, McGraw­
Hill'3New York, 1954.

Carslaw, H.S., and Jaeger, J.C., Conduction of Heat in
Solids, Second Edition, p. 233, Oxford University Press, London,
1959.
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Since the serie~ (11-13) is uniformly convergent for
t > 0 and o~r~ r , we may differentiate term by term
and multiply by theOthermal conductivity of the fuel (K f )
to obtain the conduction heat loss term:

(11-14 )

- -' SiY1(~)le)(f~(/'r12Tr'2.-I::./rt?r '0 J.J ( -5 (II-IS)

Evaluating qcond at the surface:

i conol (r;, - )-t.) =i c.ond) 5"

= 2 Kf7S £ expl- o(n1...rr"--I:./ r;§
~ H==t

in the limit as r-.-ro.

If then

(11-16 )

(11-17)

(11-18 )

4carslaw, H.S., and Jaeger, J. C., Conduction of Heat
in Solids, Second Edition, pp 94-95, Oxford University Press,
London, 1959.
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it is apparent that a small decrease in r o (or the sample
volume) will decrease the conduction heat loss rate accordingly.
Thus the critical intersection of the qchem and qloss curves
will move toward lower temperatures as the volume of the
sample is decreased, and

e>T;;ri+ > 0
0'0

(11-19 )

i.e., the critical temperature of the system will decrease
as the radius (or volume) of the sample is decreased.

From Eqn. (11-17)

(11-20)

Since the term outside the brackets on the right hand
side of Eqn. (11-20) is positive, the criterion for
Eqns. (11-18) and (11-19) becomes

or

>1 (11-21 )

I

> ~ n"
n=I

=0 (11-22 )
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Since the property of uniform convergence applies only
for t >0, the criterion (II-19) is satisfied for all
finite values of roo

The same conclusion can be reached on purely physical
grDunds. Taking as the appropriate size index the surface
area-volume ratio (S/V) which indicates the approximate
magnitudes of the total chemical heat release and total
heat capacity of the system, the effect of heat loss will
increase with decreasing S/V (larger systems). Thus the
critical temperature will increase with increasing particle
size. Note that the transition temperature still must be
exceeded before ignition can occur and that as the sample
size is decreased ignition may shift from that depicted in
Fig 2b (Tcrit;> Ttrans) to that in Fig. 2c (Tcrit« Ttrans)'

After the volume of the sample exceeds a certain value,
as far as events on the surface are concerned the volume is
essentially infinite. At and above this critical size the
critical temperature becomes relatively independent of size;
such samples are said to be in the bulk configuration.

Results of the literature survey on the size effect in
metal ignition will be given in Section III of this report.

In summary, it has been shown that the critical temper­
ature of a given metal-oxidizer system decreases with de­
creasing sy~tem size. In other words, a small particle
may self-heat to the transition temperature and thus igni­
tion, whereas a larger sample will not. Note that no as­
sumption has been made concerning the initial condition
of the metal particle when it is exposed to the oxidizer,
i.e., it is not necessary that the surface be free 'of
oxide initially. As long as m in Eqn. (II-I) is non-
zero, the possibility of eventual ignition exists. (m is
zero only if the asymptotic oxide thickness for the ap­
propriate initial temperature is present on the particle
initially.)

4. Increased Ignition Efficiency

Since the critical temperature of a given metal-oxidzer
system decreases as the metal sample volume is decreased,
the transition temperature will eventually become the con­
trolling factor in metal ignition. For some metals {e.g.,
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5Mg and Ca ) which have low transition temperatures in oxygen
inefficient ignition wou~d not be expected, but with other
metals such as Al and Be with high transition temperatures,
difficulties have been encountered in metal combustion ap­
plications such as chemical rocket systems.

Lowering the transition temperature is equivalent to
destroying the protective quality of the product film at a
low temperature or eliminating its formation entirely. An
excellent example of the former technique is the amalgamation
of aluminum, and this metal so treated exhibits lower ignition
tem~ratures than that with the ordinary thermal oxide film
(336,332)6.

The latter technique is examplified by coating clean
Al with Mg or Ca. Assuming that alloying does not occur, it
would be hoped that the coating metal would react preferentially
during the pre-ignition time, and that its ignition would
be controlled by its low transition temperature. After the
coating metal had ignited, the clean Al (or Be) substrate
would ignite and burn during the subsequent temperature rise
without the limitations imposed by its high transition
temperature.

Calculations of the necessary coating thickness are
currently in progress and will be described in detail in
Section IV of this report.

The next section is devoted to a brief review of the
results of the literature survey.

5N~merical values of transition temperature will be
estimated in Section III.

6Numbers in parantheses refer to references listed at
the end of this report.
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THE LITERATURE SURVEY

A thorough literature survey, covering references dating
from about 1910 to the present, on the oxidation and ignition
of certain metals is in progress. At this time about 475 re­
ferences have been surveyed~ about 300 r~ferences remain. The
metals of study are aluminum, magnesium, titanium, zirconium,
tantalum, molybdenum, calcium, silicon, uranium, beryllium,
and lithium. Experimental investigations of the ignition and
combustion of several of these metals have been completed (AI,
Mg,Ta) or are in progress (Ca, Mo) in this laboratory. The
particular oxidizing atmospheres of interest are oxygen, nitrogen,
carbon dioxide, and water vapor.

Examination of the oxidation literature has led to esti­
mates of transition temperatures for several metal-oxidizer
systems~ the system, transition temperature, and transition
mechanism are listed in Table 1. All temperatures except that
for Zr-02 may be taken accurate to ± 500 C. Detailed discussions
of these estimates may be foun~ in previous progress reports. 7

Estimates of critical temperature for bulk samples are
available only for Al and Mg: that of the Al-02 system is N 10000

C7 and that of the Mg-02 or Mg-air system is N S8So C. In Fig. 3
the initial temperature vs. ignition delay time is shown for
the latter two systems. The asymptotic critical temperature
is seen to be on the order of 5850 C. Ignition was defined as
the instant before a flame appeared in these experiments.

All ignition temperatures obtained from the literature
survey (i.e., Refs. (1) through (483» are shown in Tables 2­
12 and Figs. 4-8, correlated with respect to size, condition,
and oxidizing atmosphere. For the purposes of these charts,
pressure effects, surface treatment prior to experimentation,
and so forth have been disregarded. The nomenclature used in
the tables and graphs is as follows: DD indicates a dust dis­
persed in the gas of interest~ QP indicates a quiescent pile
of powder~ B indicates a large bulk sample~ and SP indicates
a single particle dropped through the oxidizing gas. The appro­
priate references are listed at the end of the report.

Although it is not expected a priori that correlations
exist between the various sample configurations, it is hoped
that data for each would be self-consistent.

Some sizes in the tables, and all sizes in the figures are
expressed in terms of the surface area to volume ratio with units

7See also: Mellor, A. M., and Glassman, I. "A physical
criterion for metal ignition," to be published in Phyrodynamics.
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of reciprocal millimeters.

Considering first the bulk ignition, in general the agree­
ment is excellent between the experimental results and the pre­
dictions based on the ignition criterion. In particular, know­
ledge of the critical temperatures for bulk Mg and Al in oxygen
allows classification of their ignition mechanisms as that
shown in Figs. 2b and 2c respectively.

However, the size effect in ignition is not as clear.
Through the ignition criterion, recall that the critical temper­
ature changes with sample size. Becuase of the nature of the
DD,QP, and SP experiments, the temperature reported is the cri­
tical rather than ignition temperature as defined here. That
is, the initial temperature of the furnace used in these ex­
periments is taken as the ignition temperature. Unfortunately,
no ignition delay times are reported.

Turning to Tables 2-12, although the reported temperatures
are generally lower than those for the bulk configurations, the
data are quite inconsistent, and no significant trends with
respect to size are observed except in isolated cases. The
nature of these results is most likely due to the fact that a
great deal of data is presented in terms of sieve sizes, which
of course yield no information of a size distribution and thus
of some average size.

For a few metals in certain oxidizers enough references
giving specific size information have been found to warrant
graphing the ignition temperature vs. the surface-volume ratio,
These graphs are shown in Figs. 4-8.

with the exception of Mg (Figs. 4 and 5), the expected
trend is observed: Tign decreases with decreasing sample size
(increasing S/V). Recall that, through the ignition criterion,
the variation in Tcrit is actually observed since Ttrans is
independent of size. Since any ignition delay time is usually
not reported for this type of data, it is impossible to dis­
tinguish between Tcrit and Tign.

Some of the agreement shown in Figs. 7 and 8 is undoubtedly
fortuitous, since most of it was taken from various papers by
Schnizlein and co-workers «30), (231), (306)).

In summary, this brief discussion on the available liter­
ature on metal ignition demonstrates that the model and criterion
of ignition proposed in Section II of this report is adequate
to explain earlier experimental work. However, much further
critical experimentation is necessary to examine the model in
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more detail. For example, the size effect must be more clearly
understood before predictions can be made for the ignition of
micron size particles currently in use in rocketry; the litera­
ture is most inconcl~sive on this point. Also, experimental
determinations of Tcrit as a function of size must be made.

A 10 kw induction furnace and its associated apparatus
is being made available to the program and is expected to be
operational in February 1966. The largest metal samples to
be used are cylinders of approximately 2" length and 1" dia­
meter. The independent variables in the furnace experiments
will be the metal, gas composition and total pressure (which
will vary over the same ranges used in the present wire exper­
iments), and metal sample size (S/V). The major proposed experi­
ments to be performed over the range of independent variables
are the following:

(1) The ignition temperature experiment in which the
sample is heated to ignition (i.e., to appearance of a
flame) in the specified oxidizer. The ignition temper­
ature is the sample temperature the instant before the
flame appears.

(2) The critical temperature (isothermal furnace) experi­
ment in which the sample is heated to a specifiied temper­
ature in an inert gas or an oxidizer. If, as the furnace
temperature is maintained constant, the sample self-heats
to ignition, then the furnace temperature is at or above
the critical temperature.

(3) The adiabatic sample experiment in which the envi­
ronment and sample temperatures are kept equal. In an
oxidizing atmosphere the sample should always ignite
eventually.

Of these experiments, the third is considered to be the
most difficult to realize experimentally: the first two experi­
ments will be begun upon arrival of the apparatus.

In the next section of the report the analytical develop­
ments made during the report period will be discussed.
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IV. ANALYTICAL DEVELOPMENTS

Because of certain errors made in the analysis presented
in the Second Semi-Annual Progress Report, a revised analysis
will be outlined here.

Under consideration is the general problem of a spherical
particle in an oxidizing atmosphere. The particle consists
of an inner metal sphere surrounded by an oxide shell. The
radius of the inner metal sphere r s is a function of time since
the metal is allowed to oxidize. Initially the metal radius
is r o and the temperature of the metal-oxide interface is To.

The following assumptions are made:

(1) All heat addition (i.e., the chemical reaction) occurs
at the metal-oxide interface. Thus the diffusion of oxidizer
through the oxide scale is required for reaction. This
assumption is valid in the case of many metal-oxidizer
systems.

(2) During the oxidat ion process, the surface of the
metal is smooth, and the metallic portion of the particle
retains spherical symmetry. Thus the metal temperature
is a function only of radius.

(3) All thermal properties of the metal are independent
of temperature.

In the first solution of the problem, known as the adia­
batic metal problem, the following assumption is added:

(4) The oxide film is a perfect thermal insulator, and
thus all heat release occurring at the metal-oxide inter­
face is conducted into the interior of the metal sphere.
The strength of this assumption in the real physical situ­
ation is examined by comparison of the thermal conductivities
of metal and oxide; for Al and Mg the ratios of the metal
thermal conductivigy to that of the oxide are 6.13 and
4.19 respectively.

Note that because a thin control volume surrounding the
metal-oxide interface at which reaction is occurring is not
adiabatic due to the conduction loss into the interior of the
metal, the critical temperature is not eliminated from the pro­
blem. However, the adiabatic metal problem does allow investi­
gation of the importance of the interior of the metallic portion

8Handbook of Chemistry and Physics, 44th Edition, Chemical
Rubber Publishing Company, Cleveland, 1961.
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of the particle as a heat sink.

Under the above conditions the problem can be formu­
lated mathematically as follows: the Fourier equation for
the temperature distribution must be solved:

subject to the initial condition

T(t=O) =r;, at r==- r5 = fo

and the boundary conditions

(IV-l)

(IV-2 )

T fini te at (:0 for finite t: (IV-3 )

(IV-4 )

where all symbols have their previous meanings and subscript s­
indicates conditions in the metal adjacent to the metal-oxide
interface (in the following this will be denoted by subscript s),
and Q is the heat of reaction in cal/g metal. Note that since
the heat release occurs only at the metal-oxide interface it
may be included only in the boundary condition (IV-4), and
that the solution is physically meaningful only for .... ~ rS .

If T and rare non-dimensionalized with their ini­
tial values:

(IV-5 )

(IV-6 )

the statement of the problem becomes:
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r:~ d8 "d2.(}i ~ :::. ~~2. +

{)(I)O):=' 1

e finite at 5' =- 0 for fini te t

(IV-7)

(IV-B)

(IV-9)

(IV-10)

The problem is solved by the method of separation of variables
which yields the general solution:

(IV-ll)

where c and ~ are arbitrary constants (~is the separation
constant and is restricted to real values),and (IV - 9) has
been applied. From Eqn. (IV-B):

y(IT"IP I
C-= ~2.. "ASllIl <.,
thus

(IV-12 )

(IV-14 )

(IV-1S)

(IV-13 )e': CS,V\ l~~ _ r ~2-/:/ z.~
~ , ..~ ex.p 0( ro
> SIv\ \"

e sl"vth @~ <;. 1. / 2~
= ~Sill h~ eKp L~ t: r 0 .)

To evaluate P. the other boundary condition, Eqn. (IV - 10) ,
is used: '

del _ ro~Q

~ ~='S- KlO
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(IV-16 )

Since the primary area of interest in the solution
is below the transition temperature, only parabolic oxidation
rate laws will be considered here. These are usually expressed
as

(IV-17 )

where

~~ = ch~nge in mass of pure metal per unit area, 9 metal/
cm ~

Kp = parabolic rate constant, (g metal)2/cm4sec.

Recall that m in Eqn. (IV-IS) is expressed in 9 metal/cm2sec.
Thus

Now

~ W\ (-C) = e~V(t.)(A(+:')

~ ~ 1ff (ro3- rl)/4rrrt

~ %ro ( ~: - 35)
Also

(IV-IS)

(IV-19 )

(IV-20)

(IV-21)

(IV-22 )
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Substituting Eqs. (IV -18) I (IV-21) I and (IV-22) into Eqn.
(IV-16) :

3/(pQ =: ~~o{ft~~-~~J/'fK,J[~COskr%
2fK1; (Y1; - ~5 ) SiV\ h(3 5

-tz. SiVlhf3~s ] (IV-23)
5

Since? is constant, it may be evaluated from Eqn. (IV-23)
for any ~S . Choose ~5 = ~:

( IV-24)
Define

A := «(/Kr
8 :: KfQ I(K"T;.

:. 2. 8 = ~iI2.2'5A@-z./"t§r~cosh~~
14 SiYlh ~ e

- 2 -S"Vt h ~/2]

(IV-25 )

(IV-26)

(IV-27 )
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@ is evaluated on a computer from Eqn. (IV-27) using the
Newton-Raphson technique.

Note that A and B are the dimensionless parameters which
completely characterize the metal-oxidizer system under study.

Selection of the parameters <X, f ' K , Q, and K
is currently in progress. T will be variedPfrom IOOoK to
that integral multiple of loBoK just below the transition
temperature, in steps of IOOoK. The solution will be terminated
when the metal-oxide interface temperature exceeds the trans­
ition temperature, Slnce in metal pyrophoricity thisremperature
controls ignition. Although it is assumed that ignition will
occur if only the interface reaches the transition temperature,
which is inconsistent with-the physical model which requires
that the entire oxide reach the transition temperature, the
effect of only the interior of the metal as a heat sink is
investigated.

Note that the distance which the metal-oxide interface
has receded from its initial position when its temperature
equals the transition temperature is the unknown coating metal
thickness required in the binary ignition model (see Section
11-4). In this case the metal sphere is considered to be com­
posed of two immiscible metals, one applied as a thin coating
on the other. It is assumed that the thermal properties (~,

~ , and K) of the binary system are given by the inner
metal, which is present in excess, and that the chemical pro­
perties (K , Q, and Tt s) are given bv the coating metal.p ran -

Results of both the slngle and binary adiabatic metal
problems described above will become available during the
next report period.

It is of interest to eliminate assumption (4) from the
problem to determine its influence on the solution. For this
purpose a conduction heat loss into the oxide shell is allowed:
assumption (4) is deleted from the problem and the following
two assumptions are added:

(5) The temperature profile through the oxide film is
linear and the outer surface remains at T. Because the
temperatures involved are relatively low,oradiation will again
be neglected. This assumption is not particularly good since
the low thermal conductivity of the oxide tends to prevent
the establishment of a linear temperature profile. Nevertheless,
solution of the problem under this assumption should lend
some insight into the effect of a heat loss from the metal­
oxide interface to the ambient environment.
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(6) The oxide shell formed is coherent, continuous,
and has spherical symmetry; thus the distance the interface
has receded can be related to the oxide thickness at any
time through the Pilling and Bedworth ratio.

The boundary condition (IV-4) then becomes:

(IV-28 )

where all symbols have their previous meanings, K is the
thermal conductivity of metal (subscript m) or oxide (sub-
script ox), and (KqxaT/~r1(':: r5~ ) is the conduction
heat loss through the oxide.

Under assumption (5), Eqn. (IV-28) becomes:

(IV-2 9)

where r is the total particle radius at any time. Non­
dimensi8flalizing as before:

(IV-30)

Through assumption (6) and the definition of the Pilling and
Bedworth ratio (V Iv):ox m

VOK ='(= 4;31f(ro~ - rJ2.
'VW\ - 4/3 rr(r; - r~)

=~~ - S;
I -S;

:. 'fo ,,- = f$sS + '(( I - ~:s3}

(IV-31)

(IV-32 )

(IV-33 )
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where '( is taken from the oxidation literature for the
particular metal-oxide system.

Combination of Eqns. (IV-16), (IV-30), and (IV-33) will
yield an equation in ~ and the variables ~5 ,GJS (fs>,

t. (3S) , and m (3$ ). The latter two variables may be
eliminated through Eqns. (IV-IS), (IV-2I), and (IV-22), leaving
an equation for (3 in terms of ~S and 6k'. A first approxi­
mation for eS(~.s) can be obtained from the adiabatic metal
problem and an iteration for ~ can be established. Work
will procede on this problem as time permits.

The next section of the report is dev 0 ted to a discus­
sion of the results of experimental investigations of the
ignition and combustion of tantalum, aluminum, magnesium, and
molybdenum. Tantalum was selected for ignition studies be­
cause of its high Pilling and Bedworth ratio, aluminum and
magnesium becuase of their well-known transition, critical,
and ignition temperatures, and molybdenum because of its ex­
tremely volatile oxide.
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V. EXPERIMENTAL RESULTS

This section of the report is a discussion of the ex­
perimental results obtained in the so-called wire-burning
apparatus during the report period. The general character­
istics of the apparatus are described in detail elsewhere?,9

1. The Ignition and Combustion of Tantalum

Metallurgical grade tantalum (99.92% Ta, major im­
purities Cb (.030%) and 02 (.010%)) was obtained in wire
form (.030" diameter) from the Kawecki Chemical Company.
All samples were 11 cm in length and were mounted in the
electrodes in an "L" configuration. The electrical voltage
rate rise used to heat the samples was about .125 v/sec.

In Fig. 9 is shown the montage for the various reaction
regimes of Ta wires, including typical photographs for the
reaction mechanisms and products. The four reaction regimes
are shown as a function of gas composition and pressure; the
data points were taken at total pressures of 50,100,300,500
torr (1 torr=l mm Hg), and I, 2, and 5 atm in pure 02, CO2 ,
and Ar and 50-50 mixtures of these gases. Water vapor ex­
periments were also conducted in 50-50 mixtures of H20-02,
H20-Ar, and H20-C02 at total pressures of 50, 100, and 200
torr.

The reaction mechanisms and products are described in
detail in the Second Semi-Annual Progress Report, and will
be rep e ated verbatim here so that the data obtained during
the present report period will be more meaningful.

Regime one occurred in pure 02 at all pressures in­
vestigated and in 02-Ar and 02-C02 at 5 atm. It is character­
ized by a white, apparently solid-phase combustion process.
Data on the boiling points of Ta and Ta205 are not available,
and thus the vapor-phase combustion criterion, that the boiling
point of the oxide be higher than that of the metal, may not
be examined.

During the ohmic heating period, the wire slowly and
continuously started to glow orange-red. Suddenly near the
center of the wire a white-hot solid-phase reaction zone

9Brzustowski, T.A., and Glassman, I. pp. 117-158 in
Heterogeneous Combustion, Wolfhard, H.G., Glassman, I.,
and Green, L., Jr., editors, Academic Press, New York, 1964.
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appeared and spread toward the electrodes. This event is
defined as ignition. Consumption of the wire resulted in
its breaking near the center. Combustion continued as molten
drops flowed down the wire.

If the combustion zone regressed as far as the electrodes,
violent fragmentation occurred when the zone contacted the
electrode and was quenched. In pure 02 at pressures of 300
torr and greater, at the electrode the molten sample expanded,
burst, and contracted, then repeating this cycle several times.

The products of combustion, a mixture of cC.- and ~- Ta205
(see Table 13), were glassy and brown, black and white in
color. They usually ass'umed spherical shapes of several mm
diameter and less. Where falling drops had been quenched
at the bottom of the chamber, the products were generally
flaky.

Regime two consists of the low pressure region in 02-Ar
and most of the pure C02, 02-C02' and CO2-Ar ranges, as 1S
shown in Fig. 9. Strictly speaRing, this regime is not .
characterized by either ignition or combustion: the oxidation
reaction which occurs is simply distinguished from the melting
which occurs in pure Ar.

The wire attained a dull orange-red glow as it was heated.
Then the intensity of the light emitted by the sample began
to decrease. The diameter of the sample grew and large
macrocracks appeared on its surface, as is shown in Fig. 10
(50% °2-50% Ar, 100 torr). (Fig. 10 is also shown in the lower
right-hand corner of regime two in Fig. 9.) Simultaneously
the current passing through the sample began to decrease.
Usually the wire did not break, and the current ultimately
reached a value less than one ampere.

This mechanism is attributed to ordinary oxidation
of the sample. The decrease in current is attributed to the
increase in resistance due to consumption of the metal and
thus the decrease in conductive area (recall that Ta205 is
an excellent dielectric). As less electrical energy was
supplied, and thus the temprature of the sample decreased,
its brightness decreased. The surface macrocracks result
from the extremely high Pilling and Bedworth ratio of Ta205'
which is equal to 2.50.

The products of oxidation were usually found to be in
the original wire shape. The macrocracks were easily
visible to the naked eye. In CO2 and C02-Ar atmospheres,
and in 02-Ar atmospheres at pressures of 100 torr and less,
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the product was grey-black in color. The products were
composed 0 f oc- and ~ - Ta20S; in C02 and CO2-Ar mixtures
TaC was also formed. In 02-Ar at pressures greater than
100 torr, they were brown-white and consisted of both allotropic
forms of Ta20S.

In pure CO at total pressures of 300 torr and greater,
and in 50% C02-~0% Ar mixtures where the CO2 partial pressure
was equal to or greater than 250 torr, a localized white
glow emanating from the center of the wire cross-section
occurred after the rest of the wire had ceased to glow, as
is shown in Fig. 11. This small white spot persisted for
times on the order of a minute. Occasionally discontinuous
jumps in current (Le., 'arcing) were observed during this
time., A few tiny sparks wer e seen in the gas surrounding
the sample. Most likely this mechanism is a ~ocal hot spot
at a point where the conducting metallic cross section is
small. Recall that in a series circuit the most power is
dissapated in the largest resistance.

Regime three was observed in 02-Ar and 02-C02 mixtures
at the higher pressures. The mechanism is simply a com­
bination of those of Regimes one and two, with the oxi­
dation reaction occurring first.

In regime four, at the lower pressures in C02 and CO2-Ar,
only certain small sections of the wires oxidized. The
experiment terminated when the wire melted and broke. The
wire was grey-black in color; its cross-sectional area was
large in places where molten beads had solidified when the
wire broke and the electrical heating ceased. In both regimes
three and four both allotropic forms of the oxide were
found (see Table 13).

In pure CO2 at 50 and 100 torr, tiny bubbles appeared
and burst before the wire broke. In mixtures of 02-Ar,
02-C02' and CO2-Ar at total pressures between 300 torr and
1 atrn (i.e., sections of regimes two and three), larger
and more numerous bubbles preceded the oxidation reaction.
A few Ta wires which were annealed at nine volts for five
minutes in vacuum in the chamber also behaved in this manner.
It was felt that this pretreatment before performing the
usual experiments should eliminate the appearence of the
bubbles 'if they were due to outgassing, but since they
appeared despite the pretreatment, the bubbles are now
thought to be small pustules of oxide formed during the
ohmic heating.
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In pure H20 and H O-Ar mixtures the mechanism of
regime two was observe~. The cracked products were grey­
black, but slightly more white in color than those found
previously.

In H20-CO mixtures the oxidation reaction again was
observed and f6rmed typical grey-black products. At
200 torr (the highest total pressure investigated), the
small local white glow, which was previously found for CO2partial pressures of 250 torr and greater (in regime two),
occurred.

one
200
one

In H 0-02 mixtures, the combustion mechanism of regime
was otserved at all pressures investigated (50, 100, and
torr). Products similar to those described for regime
were observed.

In Table 14 are shown the averaged values of initial
weight, recovered sample weight, total power supplied at
ignition, at breaking, and at the maximum current attained
(in the oxidation reactions of regimes 2 and 4), total
resistance at ignition, at breaking, and at the maximum
current attained, and total burning time. These values
are classified according to reaction regime and are sub­
divided with respect to gas composition. The melting values
(pure Ar) and those obtained in H20 mixtures are also included.

The most significant trend observed in the data was that
in regime 1 the ignition and breaking values of total power
and resistance approached each other; that is, the wire broke
more quickly after ignition as the total pressure was in­
creased. Most likely the wireObreaks when it attains the
metal melting point of 2990oC~ , which is essentially inde­
pendent of pressure. Thus this trend indicates that either
the ignition temperature increases with increasing pressure
or that at the higher pressures where the oxidizer diffuses
to the wire more rapidly, increased reaction rates bring
about a higher rate of temperature rise in the sample. Since
ignition depends primarily on low-temperature, solid-state
oxidation reactions (through the transition temperature),
which most likely would be relatively independent of pressure,
the latter explanation of this phenomenon is regarded to be
more appropriate.

laThe oxide melting point is 1872o C, and thus Ta ° most
.likely is the molten substance observed in the combus€i6n
mechanism of regime 1. (Recall that the wire retains its
original L-shape even long after its breaking.) Data are
taken from Kubaschewski, 0., and Hopkins, B.E., Oxidation
of Metals and Alloys, Butterworths, London, 1962.



[29]

The total burning time ln regime 1 was observed to
decrease with increasing total pressure. This is also
attributed to increased reaction rates at the higher pres­
sures.

The values with asterisks at the bottom of Table 14
are the averages of a few so-called self-sustained experi­
ments which were performed. The purpose of these experi­
ments is to separate true combustion reactions from ordi­
nary oxidation reactions, where combustion is defined as
a fast self-sustained chemical reaction occurring in a zone
from which light and heat are emitted. On the other hand,
oxidation is a slower reaction which under the conditions
of this experiment requires electrical heating for its main­
tenance.

The self-sustained experiments were performed by heating
the wire in the usual manner and then suddenly stopping the
electrical input at a time in the heating history before
the wire would ordinarily break. For example, if the electrical
heating were stopped a few tenths of a second after the
white solid-phase ignition zone of regime 1 appeared, the
ignition flame continued to spread. However, the combustion
mechanism of regime 3 occurred rather than that of regime 1.
This simply indicates a lower mean temperature along the
wire, which is consistent. Thus regime 1 is considered
to be combustion as defined above.

If however, the electrical heating was discontinued
at or after the current attained its maximum value in regime 2,
the wire ceased to glow immediately. Furthermore, as can
be seen in Table 14, the weight gain of the sample was
less in this case. Examination of the products of reaction
showed that a metallic cross section was still v isible to the
naked eye, whereas it was almost never visible if the experi­
ment was allowed to proceed to completion. Therefore regime 2
is thought to be an ordinary oxidation reaction.

Spectra of the flame of regime 1 were taken at 50 torr
of pure °2 , where the longest burning times were observed;
only contlnuum emission, most likely resulting from the
molten oxide, was found. This result indicateflthat no
gas phase species are radiating in the visible spectrum
between the molten oxide and the spectrograph, but sheds

11The range of the spectrograph used
gations is 3700 to 7400 R in first order.
emit in this spectral region.

in these investi­
Both Ta and TaO
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no light on the processes occurring inside of the molten
oxide; it may be taken as a further substantiation of solid­
phase rather th:'tn vapor-phase combustion.

In summary, it is noted immediately that if there were
no effect of CO2 on the combustion of tantalum, then the
upper two-thirds of Fig. 9 would be symmetric with respect
to the pure oxygen line. Since the appearence of regime
three (the co~bination of combustion and oxidation) occurs
at higher pressures in 02-C02 than in 02-Ar, it is con­
cluded that CO2 impedes Ehe Ta-02 reactlon. This con­
clusion has obvious significance in tantalum applications
for canning nuclear fuel rods where CO2 might be used as
a coolant.

On the other hand, water vapor has the opposite ef­
fect: 'in 50O/aH 20-50%02 mixtures at pressures of 200 torr
and below the combustlon mechanism (regime one) was ob­
served, whereas in both 50o/~r-50%02 and 50%CO -50%02 mix­
tures in the same pressure range only the oxi~ation reaction
(regime two) occurred.

2. The Ignition and Combustion of Aluminum

To complete the study of the ignition and combustion
of unanodized aluminum which has been conducted over the
last few years, it was necessary to perform experiments in
pure H20 at 50 and 100 torr, and in 50%-50% mixtures of H20­
02' H20-C02 , and H20-Ar at total pressures of 50, 100, ana
200 torr.

One would expect that the ignition temperature of alu­
minum in these gases would be equal to the melting point of
A1 203 on the basis of the results reviewed in Section III.
However, since the metal melts at 6600 C, it is necessary
that the molten metal be supported by an oxide coat so
that the ohmic heating process continue after the metal
has melted. At these low oxidizer pressures one would
not necessarily eXPi2t that enough oxide would form to
serve this purpose. The 5 to 10~thick anodized layer
on the anodized wires used in earlier investigations is suf­
ficie,nt.

The behavior of the sample during the heating period13

was the same in pure H20, pure Ar, in the H20-Ar and

l2Early results with anodized aluminum wires in ° -Ar
indicated that at least 200 torr of 02 were required i~ the
ambient atmosphere for reproducible ignition.

13The voltage rate rise for the .035" diameter Al wire
was about .11 v/sec.
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H O-C02 mixtures, and, at 50 torr total pressure in the H20­
02 mixEures. As the wire was heated, near the center of
~e wire the metal melted and the wire broke. The wire glowed
only slightly if at all. A blue-green-white spark was ob­
served at the break, but no flame propagated. The wire re­
tained its metallic luster in all cases. As is seen in
Table IS, the averaged data for atmospheres not containing
oxygen is essentially equivalent.

In H20-02 mixtures at 100 and 200 torr total pressure,
the wire glowed quite brightly before it broke. The current
flowing through the sample went through a maximum, decreased,
and again began to increase; in previous work this transition
was attributed to the melting of the metal. The higher total
resistance at breaking snown in Table 2 also indicates that
a higher mean temperature was reached in these experiments.
No ignition, however, was ever observed. Although the sample
retained its metallic luster, a greater length of the wire
appeared to have melted. Photographs of the various pro­
ducts of reaction are shown in Fig. 12. An unreacted piece
of wire and a centimeter scale (mm divisions) are included
for comparison.

These results are interpreted as follows: in atmospheres
not containing 02 the surface film formed during the ohmic
heating was not sufficiently thick to support the molten metal.
When the wire broke and exposed molten metal, the mean metal
temperature was below the critical temperature of aluminum
(lOOOoC as measured by Grosse and Conway) and thus ignition
could not occur. Since the breaking spark was observed in
pure Ar, it is thought to be an electrical effect, even
though the current decreased to zero continuously at the
break.

In ° containing atmospheres, a similar explanation
applies, ~xcept that a higher mean temperature was attained
due to the higher oxidation rate in the presence of oxygen.
The critical temperature was not exceeded, however.

3. The Ignition and Combustion of Magnesium

Experiments were performed in various H ° mixtures dis­
cussed in the aluminum section of this report with unanodized
magnesium ribbon of .29 cm average width. The voltage rate
rise used was approximately .106 v/sec.
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It is shown in Table 2 that the ignition temperature of
bulk magnesium samples in 02 and in H20 are slightly below the
metal melting point (650o C), whereas those in CO2 are consider­
ably above the metling point. Thus in our experlmental apparatus,
in which the sample must support itself to maintain ohmic heating,
some irreproducibility in ignition would be expected in 02 and
H20 atmospheres and ignition in CO2 atmospheres would be
expected to be difficult or even impossible1 4 . Previous experi­
mental work in 02-Ar, 02-C02' and CO2-Ar mixtures has borne out
these expectations as do the present experiments as is shown
in Table 16, giving the ignition reproducibility for magnesium
in the various H20 mixtures.

In H20-02 mixtures the ribbon generally ignited before
it broke15 . The ignition. (and combustion) flames appeared to
be white .. Burnign rates were extremely rapid: the 9 cm length
exposed to the atmosphere was entirely consumed in less than
one second. A photogr~ph of the pehnomenon is shown in Fig. 13
(50o/~20-50%02' total pressure 200 torr). Little if any flame
structure is apparent, although the size of the flame suggests
that events are occurring in the vapor phase. The dark circle
in the photograph is the chamber window, of 1" diameter. Flame
spectra revealed no significant difference from the previously
attained Mg in 02-Ar spectrum.

The only recoverable products of combustion were a few
white flakes of several mm 2 area and a great deal of grey-white
smoke found on the electrodes and top of the chamber as is shown
in Fig. 14.

In H20-Ar mixtures ignition also occurred before the
break. Beautifully colored vapor-phase flames were observed,
usually either blue, green or purple, or combinations of these.
However, these flames were extremely dim. Two exposures of
flames at the same ambient conditions are presented in Fig. 15
(pure H20 at 100 torr): these differed in camera shutter speed

by a factor of five.

Burning times were longer than in H20-02 mixtures: in
particular, at, and only at 50o/~20-50o/~r and a pressure of

14Experimental work by Darras, Baque, and Leclercq (Comptes
Rendus Acad. Sci., Paris, 249, 1647 (1959) has shown that in
even slightly humid CO2 the Mg ignition temperature is lowered
considerably and becomes on the order of the Mg melting point.
Thus in the 50o/~20-50%C02 mixtures used in the present investi­
gation some ignitions would be expected.

15The averaged experimental data for magnesium is presented
in Table 17.
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100 torr, the burning persisted for 10 to 15 sec. These flames
were observed to consist of two colored zones, the inner blue­
green (perhaps MgO) and the outer purple (perhaps MgOH). The
long burning time occurred under these conditions each time
that the sample was successfully ignited. No explanation can
be offered for this abnormally long burning time. Flame spectra
obtained at this data point revealed only the Na D lines and
complex bands in the 3700-3900 ~ region wh"ich are due to
either (MgO) or MgOH. 16 . The dimness of the flames was
such that on£y poor spectral plates could be obtained; thus
definite identification is difficult.

The products of combustion consisted of large white flakes
which resembled the original ribbon shape (Fig. 14). White
smoke was also found.

On those few occasions in H O-C02 mixtures when ignition
occurred, the flames were of shoft duration and resembled the
H O-Ar flames. Black areas were present on the large white
ffakes, but the products in all mixtures consisted only of
MgO.

In all the gas compositions, on those experiments at
which ignition did not occur, the ribbon was twisted and black­
ened near its center where it had broken. A green spark was
seen when the ribbon broke.

4. The Ignition and Combustion of Molybdenum

An experimental investigation of the ignition and com­
bustion of molybdenum at the same data points used in the tantalum
investigation is now in progress. That portion of the investi­
gation in the dry gas combinations has been completed and
will be described here.

11 cm lengths of 99.95% Mo wire of .035" diameter were
obtained from A.D. MacKay, Inc. According to the supplier,
the major impurity is tungsten. The wires were mounted in
the ilL" configuration and heated ohmically with a voltage
rise rate of approximately .118 v/sec.

Mo03 is the major product of the Mo-02 reaction at
low temperatures. This oxide melts at 795 °c and boils at

16Pearse, R.W.B., and Gaydon, A.G., The Identification of
Molecular Spectra, Third Edition, Wiley, New York, 1963.
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11000C at 1 atm. Other oxides exist in various temperature
ranges which are notl~ell-defined. The metal melts at 26200C
and boils at 5550o C. Thus according to the vapor-phase com­
bustion criterion based on M00

3
, Mo cannot ignite or burn in

the vapor phase.

Four basic reaction regimes were observed in the dry gas
combinations. Regime one was observed in pure °2 , 50%02-50o/~r,

and 50%02-50%CO? at all pressures investigated. As the wire
was heated it aEtained a dull red glow. Near the center of
the wire a white hot solid-phase ignition zone developed and
spread toward the electrodes before the wire broke. Eventually
the wire cross section was consumed; the surface of the wire
rippled and drops fell to the bottom of the chamber.

Before ignition occurred, a bright-dark interface was
observed to start at the center of the wire and move toward
the electrodes. Slightly later a non-luminous condensation
zone appeared a few mm to a cm away from the wire, the stand­
off distance decreasing with increasing total pressure. This
phenomenon is taken to be the melting or boiling of the sur­
face coating of Mo03 which then recondenses in the decreasing
temperature field surrounding the wire. The condensation
zone underwent a laminar to turbulent transition and moved
away from the wire as the temperature of the wire increased
and ignition occurred.

Examples of the bright-dark interface are shown in Fig. 16;
the interface is indicated with an arrow in each photograph.
The laminar-turbulent transition is depicted in Fig. 17: the
top photograph was taken early in the heating period; the
middle, midway in the heating period; the white ignition zone
is seen in the bottom picture. All of the photographs were
taken in 1 atm of 02 with back illumination so that the con­
densation zone coula be seen.

Example of the white solid-phase combustion are shown
in Fig. 18. The turbulent condensation zone is visible due
to scattered light.

At the lower pressures in regime one as the flame was
extinguishing, growth of a coral-like deposit was obser'.,€d near
the electrodes. The wire which remained was shiny and metallic,
whereas the as-received wire was a dull grey color; this fact

l7Kubaschewski, 0., and Hopkins, B.E., Oxidation of Metals
and Alloys, Second Edition, Butterworths, London, 1962.
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further indicates that the Mo0
1

had vaporized during the
experiment. This phenomenon did not occur at higher pres­
sures because there the combustion zone receded completely
to the electrodes.

At all pressures the chamber was filled with white-green­
yellow smoke which was found by X-ray diffrarSion to be com­
posed of Mo 90 26 , M003 , and traces o'f , -MoOl . Pieces found
on the bottom of the chamber which had fallen from the wire
consisted of Mo, Mo02 , and traces of MoO, as did the coral­
like deposits found at the lower pressur~s. 1~o02 is formed
preferentially above 17800 C in Mo oxidation. Typical pro-
ducts of combustion are shown in Fig. 19.

Spectra taken of the white combustion process showed
only continuum emission in the wavelength range 3700 to 7400 ~.
Both Mo and MoO radiate in this spectral region. Apparently
then, regime one is a solid-phase reaction.

Data reduction for Mo in dry gas combinations is shown
in Table 18. The power at ignition and at breaking and burning
time decreased with increasing pressure as the reaction rate
and thus chemical heat release increased.

At 1 atm of pure ° the average time between ignition
and breaking was .40 ~ec. A few self-sustained experiments
were performed in which the electrical power input was stopped
.40, .20" and .14 sec after ignition. The usual combustion
mechanism was observed in all cases.

, !

That ignition occurs after the oxide melts is consistent
with the results of other investigators and with the ignition
criterion (see Table 7). Unfortunately, unforeseen difficulties
encountered in the construction of a two-caler temperature
measuring device have prevented measurement of ignition tempera­
tures in the wire-burning apparatus.

Other authors have observed a combustion mechanism similar
to that described above for Mo. Harrison and Yoffee19 investi­
gated the combustion of Mo wires of .2 mm (.05") diameter sus­
pended vertically and ignited at the lower end in mixtures
of 02-N2 at 1 atm and in pure 02 at several pressures. They
observed the combustion mechanism described above and also
concluded that it is a solid-phase reaction.

18 . f 0o Mo 90 26 eXlsts rom temperatures of 600 to 750 C. Above
750 C, Mo 90 26~ Mo 90 26 (M) (ASTM card index).

19Harrison, P.L., and Yoffee, A.D. (1961), Proc. Roy.
Soc. 261A, 357.
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In a recent paper, Bartlett20 also observed the solid­
phase combustion mechanism with the non-luminous condensation
zone in an experimental apparatus almost equivalent to that
used in this laboratory. However, the diameter of the samples
used was approximately four times that of our samples. Since
the electrical heating terminates when the metallic cross-sec­
tion is consumed, it would be expected that Bartlett's samples
could attain a higher mean temperature during the heating pro­
cess.

Bartlett reports that if the metal surface temperature
exceeded about 19000 C during the solid-pahse combustion des­
cribed above, a new reaction mechanism was observed involving
a sub-oxide vapor-phase diffusion flame. In this regime the
condensation zone was so bright that it almost completely
obscured the incandescent Mo rod.

Bartlett associates the 19000 C temperature with that
temperature at which preferential oxidation of Mo to Mo02 rather
than MoO occurs and argues that polymerization reactions
are stro~gly exothermic in the system; thus he can postulate
the following combustion mechanism: the initial step occurs
on the surface

- ........ Mo02 (g).

The strongly exothermic reaction which occurs in the gas phase
is

+ 3 Mo02 (g) (M003 )3 (g)

with an energy release of 598 Kcal/mole (M003 )3. Thus in this
case there is a vapor-phase diffusion flame ln which the fuel
is the metal suboxide (Mo02 ) rather than the metal. Attempts
will be made to duplicate this mechanism.

Regime two is the simple melting mechanism which occurred
in pure Ar at all pressures investigated. As the wire was
heated electrically it continuously approached a 'white-hot
glow; at the higher pressures it then beaded and broke. Oc­
casionally a large piece fell out of the middle of the wire.
The condensation zone was observed at all pressures.

20Bartlett, R.W. (1965), "Molybdenum Oxidation Kinetics
at High Temperatures," J. Electrochem. Soc 112, 744-746.
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The wire which remained (Fig. 19) was a shiny
metallic color and consisted only of Mo. Blue smoke from
the condensation zone which had accumulated on the electrode
blocks was composed of Mo01 and~~Moo~. The averaged data
is shown in Table 18: the ~ample weigfit loss after an experi­
ment is attributed to the evaporation of the oxide.

Regime three is the designation of the mechanism found
in pure CO 2 at 50 torr and in 50%CO?-50r~r at 50 and 100 torr
(maximum CO2 partial pressure 50 torr). The sequence of

events was exactly that described for regime two except that
the smoke found on the electrode blocks was grey-green. X-ray
diffraction of this smoke revealed that it consisted of Mo02 ,
~-M003' Mo 90 26 , and traces of Mo 2C. The wire contained
traces of M002 .

Finally, regime four (pure CO2 and 50%C02-50r~r mixtures
with CO2 pressure greater than or equal to 300 torr) again
was simllar to regime two except that the grey-green smoke
was found and that the wire surface was a maroon or red­
brown color. This surface coating was primarily Mo02 , with
traces of Mo03 , MoC, and Mo 2C.

The X-ray diffraction results in all four regimes indicate
a significant trend: the high-temperature oxide (MoO

J
) was

found only on the wire, whereas the smoke formed in tfie con­
densation zone consisted only of the low temperature oxides.
In regime one in particular this fact is consistent with the
solid-phase combustion model (that the highest temperature
in the system is attained at or near the surface of the
wire) .

A few self-sustained experiments were conducted in re­
gime four (pure C02 at 1 atm). At the termination of the
electrical heating, while the wire was white hot, the wire
immediately ceased to glow and did not break. Thus reaction
occurring in regime four is merely oxidation.

During the next report period results of an ·investi­
gation of the effect of H20 (at the data points used in the
Ta, AI, and Mg investigatlons) will become available.
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VI. FUTURE DEVELOPMENTS

The experimental portion of the investigation will be
emphasized during the next report period. The Mo-H 20 experi­
ments will be completed and wire-burning experiments will be
attempted with Si. Also, the furnace experiments discussed
in Section III should commence.
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TABLE 1.

ESTIMATED TRANSITION TEMPERATURES

T °ctrans' Mechanism

AI-0 2030 [b)2

Mg-O 450 [e) or [f)
2

Mg-C02 550 [e) or [f)

Ti-O 850 [c)2

Zr-O 900 ~ 100 [c] or [f]
2

Ta-O 500 [f]2

Mo-O 700 [b) or [f)
2

,,*' Ca-O 400 [e] or [f]
2

Si-O 1400< Tt <: 1610 [b] ?2 rans

U-02
250 [d)
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Table 13.

Results of X-Ray Diffraction Analysis of Tantalum Reaction Products

Regime and Major Minor
Gas Composition Specie Present Species Present

I, ° -Ar J.- + fJ-Ta ° *2 2 S

°2-C02 c£.. -Ta2OS j3-Ta20 S

2, ° -Ar ~- + f3 -Ta2o S2

°2-co2 oL..- + f3 -Ta2o S

CO2-Ar d... -Ta20 S + TaC !3-Ta2os
3 0(- + jJ_Ta2o S

4 01. -Ta2OS j3-Ta2o s
H2O-o2 of.. -Ta2OS j3-Ta2os
H2O-CO2

0<.- + fJ -Ta2o S

H2O-Ar 01..- + f3 -Ta2OS

Smoke found after fJ-Ta 2o s c/.... -Ta20 SiAr melt

* fJ -Ta20 S is the0 allotropic form of Ta20 S below l3600 C and e/.. -Ta
2

o
S

is that above 1360 C (ASTM Card Index).
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